ABSTRACT: This study provides an electrocoagulation process for the removal of copper from water using mild steel and stainless steel as anode and cathode, respectively. The effect of different operating parameters and coexisting ions on the removal efficiency of copper was investigated. The results showed that the optimum removal efficiency of 97.8% was achieved at a current density of 0.02 A/dm 2 and a pH of 7.0. The adsorption of copper, preferably fitting the Langmuir adsorption isotherm, suggests monolayer coverage of adsorbed molecules. First-and second-order rate equations and Elovich and intraparticle diffusion models were applied to study adsorption kinetics. The adsorption process follows the second-order kinetics model with good correlation. Temperature studies showed that adsorption was endothermic and spontaneous in nature. Water Environ. Res., 84, 209 (2012).
Introduction
The presence of heavy metals in an aquatic environment is cause for great environmental concern. Copper, which is one of the most toxic heavy metals to living organisms, is one of the more widespread heavy metal contaminants in the environment (James et al., 2006; Vinikour et al., 1980) . Copper, a metal that occurs naturally in rocks, soil, water, and air, is an essential element in plants, animals, and humans (Billon et al., 2006) . The adverse health effects caused by copper, mercury, and arsenic poisoning are far more catastrophic than any other natural calamity in the world in recent times (Onmez and Aksu, 1999; Ozer et al., 2004; Papandreou et al., 2007; Prasad and Freitas, 2000) . Potential sources of copper in industrial effluents include metal cleaning and plating baths, pulp, paperboard mills, wood pulp production, the fertilizer industry, paints and pigments, municipal and stormwater runoff, and so on (Boujelben et al., 2009) . Common symptoms of copper toxicity are injury to red blood cells and lungs; copper toxicity can also damage liver and pancreatic functions. Long-term exposure to copper may cause irritation to the nose, mouth, and eyes, and also may cause headaches, stomachaches, dizziness, vomiting, and diarrhea (Ajmal et al., 1998; Bailey et al., 1999; Gardea-Torresdey et al., 1996; Ozcan et al., 2005; Yu et al., 2000) . As recommended by the World Health Organization, the drinking water guideline value for copper is 2 mg/L. The U.S. Environmental Protection Agency has set the maximum contaminant level allowable in drinking water for copper at 1.3 mg/L (CPCB, http://www.cpcb. nic.in). Conventional methods for removing copper from water include ion exchange, reverse osmosis, coprecipitation, coagulation, electrodialysis, and adsorption (Fiol et al., 2006; Ozcan et al., 2005; Saeed et al., 2005; Shukla and Sakhardane, 1992; Villaescesa et al., 2004) . Physical methods such as ion exchange, reverse osmosis, and electrodialysis have proven to be either too expensive or inefficient to remove copper from water. Presently, chemical treatment methods are not being used because of heavy maintenance costs, problems pertaining to sludge handling and its disposal, and neutralization of effluent. Recent studies have demonstrated that the electrocoagulation method offers an attractive alternative to traditional methods for treating water. In this process, anodic dissolution of metal electrode takes place with the evolution of hydrogen gas at the cathode. Electrochemically generated metallic ions from the anode can undergo hydrolysis to produce a series of activated intermediates that are able to destabilize finely dispersed particles present in the water to be treated. The advantages of electrocoagulation are high particulate removal efficiency, compact treatment facility, and the possibility of complete automation (Vasudevan et al., 2009; 2010) . This method is characterized by reduced sludge production, a minimum requirement of chemicals, and ease of operation (Adhoum and Monser, 2004; Bailey et al., 1999; Carlesi Jara et al., 2007; Carlos et al., 2006; Chen, 2004; Christensen et al., 2006; Mrozowski and Zielinski, 1983; Miwa et al., 2006; Onder et al., 2007; Vasudevan et al., 2009; 2010) . The overall reactions for iron and aluminium are as follows:
Aluminium electrode:
Although there are numerous reports on electrochemical coagulation as a means of removal of many pollutants from water and wastewater, there are few studies on copper removal by the electrocoagulation method. In this study, mild steel has been used as anode and stainless steel as cathode for removal of copper from water through the electrocoagulation process. To optimize the maximum removal efficiency of copper, the different parameters such as effect of initial concentration, effect of temperature, effect of current density, and effect of pH were studied. In doing so, the equilibrium adsorption behavior is analyzed by fitting models of Langmuir, Freundlich, and Dubinin-Redushkevich isotherms. Adsorption kinetics of electrocoagulants are analyzed using first-and second-order, Elovich, and intraparticle kinetic models. The activation energy is evaluated to study the nature of adsorption. 
Materials and Methods
Experimental Apparatus and Procedures. The electrochemical cell consists of a 1.0-L glass vessel fitted with a polyvinyl chloride (PVC) cover having suitable holes to introduce the electrodes, thermometer, pH sensor, and electrolyte. Mild steel sheet (Alfa Aesar; size 2 dm 2 ) was used as anode and stainless steel was used as cathode. The inter electrode gap between anode and cathode was 0.5 cm. The temperature of the electrolyte was controlled to the desired value with variation of 6 2 K by adjusting the rate of flow of thermostatically controlled water through an external glass-cooling spiral. A regulated direct current was supplied from a rectifier (10 A, 0 to 25 V; Aplab model).
Copper nitrate Cu(NO 3 ) 2 (Analar reagent) was dissolved in deionized water for the required concentration (2 to 10 mg/L). The pH of the electrolyte was adjusted, if required, with 1-M HCl or NaOH solutions. Temperature studies were carried out at varying temperatures (313 to 343 K) to determine the type of reaction. To examine the effect of coexisting ions on the removal of copper, Analar-grade sodium salts of carbonate (0 to 250 mg/L), phosphate (0 to 50 mg/L), silicate (0 to 15 mg/L), and fluoride (0 to 5 mg/L) were added to the electrolyte in required concentrations.
For scale-up studies, a volume of 7.5 L was used for each experiment as the electrolyte and electrolysis were carried out at a flowrate of 2 L/hr. A tank (0.40 [length] 3 0.35 [width] 3 0.35 m [height]) was fitted with PVC cover with suitable holes to fix the anode, cathode, thermometer, and electrolyte, which acted as the cell. Mild steel and stainless steel sheets of 0.17 (width) 3 0.18 m (height) were used as the anode and cathode, respectively. The cell was operated at a current density of 0.02 A/dm 2 , a concentration of 10 mg/L, a temperature of 305 K, and an electrolyte pH of 7.0.
Analytical Procedure. Copper was analyzed using a UVvisible spectrophotometer (Spectroquant Pharo 300; MERCK, Darmstadt, Germany). The scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy of copper-adsorbed iron hydroxide coagulants were analyzed with an SEM made by Hitachi (model s-3000h; Hitachi Ltd., Tokyo, Japan). The X-ray diffraction of electrocoagulation byproducts was analyzed by a JEOL X-ray diffractometer (JEOL Ltd., Tokyo, Japan). The Fourier transform infrared (FTIR) spectrum of iron hydroxide was obtained using Nexus 670 FTIR spectrometer (Thermo Electron Corporation, Waltham, Massachusetts). Concentrations of carbonate, silicate, fluoride, and phosphate were determined using a UV-visible spectrophotometer (Spectroquant Pharo 300, MERCK).
Results and Discussion
Effect of Electrolyte pH. Initial pH of the electrolyte is an important factor affecting the performance of electrochemical processes, particularly the performance of electrocoagulation. To evaluate its effect, a series of experiments were performed using 10 mg/L of copper-containing solutions, with an initial pH varying in the range of 4 to 10. Figure 1 shows that copper removal efficiencies increased with increasing pH and highest removal efficiencies were obtained at pH 7.0. In the case of iron anode, when solution pH becomes acidic, the oxidation of ferrous iron (Fe II) to ferric iron (Fe III) diminishes and, therefore, copper removal efficiency decreases. Neutral and slightly alkaline pH, however, tends to favor Fe (II) to Fe (III) oxidation and complex polymerization. Finally, hydroxylated colloidal polymers and an insoluble precipitate of hydrated ferric oxide were formed and removal efficiency was increased.
Effect of Initial Copper Concentration. To study the effect of initial concentration, experiments were conducted at varying initial concentrations from 2 to 10 mg/L; the results are illustrated in Figure 2 . The results show that the adsorption of copper is increased with an increase in copper concentration and that it remains constant after equilibrium time. The equilibrium time was 10 minutes for all of the concentrations studied (2 to 10 mg/L). The amount of copper adsorbed at equilibrium (q e ) increased from 1.81 to 8.65 mg/g when the concentration was increased from 2 to 10 mg/L. The figure also shows that the adsorption was rapid during the initial stages and gradually decreased with the progress of adsorption. The plots are single, smooth and continuous curves leading to saturation, suggesting the possible monolayer coverage to copper on the surface of the adsorbent (Ozcan et al., 2005; Vasudevan et al., 2009; 2010) . Effect of Current Density. Among the various operating variables, current density is an important factor that strongly influences the performance of electrocoagulation. To investigate the effect of current density, a series of experiments were carried out using 10 mg/L of copper-containing electrolyte at a pH 7.0, with the current density varied from 0.01 to 0.125 A/dm 2 . The removal efficiencies of copper are 95, 97.8, 98.1, 98.3, 98.7 , and 99.1% for current densities 0.01, 0.02, 0.5, 0.75, 0.1, and 0.125 A/ dm 2 , respectively. It was found that, beyond 0.02 A/dm 2 , the removal efficiency remains almost constant at higher current densities. Hence, further studies were carried out at 0.02 A/dm 2 . The results showed that the removal of copper increases with increases in current density. This can be attributed to an increase in the amount of iron hydroxide being generated in situ, thereby resulting in rapid removal of copper (Vasudevan et al., 2009; 2010) . The amount (i.e., average value) of adsorbent [Fe (OH) 3 ] was determined from the Faraday law, as follows:
Where I 5 current in A, t 5 the time s, M 5 the molecular weight, Z 5 the electron involved, and F 5 the Faraday constant (96485.3 coulomb mole
21
).
As expected, the amount of copper adsorption increases with the increase in adsorbent concentration, which indicates that the adsorption depends on the availability of binding sites for copper.
Effect of Coexisting Ions. Carbonate. The effect of carbonate on copper removal was evaluated by increasing the carbonate concentration from 0 to 250 mg/L in the electrolyte. The removal efficiencies are 97.8, 97, 79, 67.2, 33, and 24.5% for the carbonate ion concentrations of 0, 2, 5, 65, 150, and 250 mg/ L, respectively. The results show that the removal efficiency of copper is not affected by the presence of carbonate below 5 mg/L. A significant reduction in removal efficiency was observed (more than 5 mg/L of carbonate concentration) caused by the passivation of anode, resulting in the hindering of the dissolution process of anode.
Phosphate. The concentration of phosphate ion was increased from 0 to 50 mg/L at the contaminant range of phosphate in the groundwater. The removal efficiency for copper was 97.8, 96.9, 77.3, 55.1, and 50% for 0, 2, 5, 25, and 50 mg/L of phosphate ion, respectively. There is no change in removal efficiency of copper below 5 mg/L of phosphate in the water. At higher concentrations (at and above 5 mgL
) of phosphate, the removal efficiency of copper decreased to 50%. The decrease in removal efficiency is attributable to the preferential adsorption of phosphate rather than copper as the concentration of phosphate increase.
Silicate. The effect of silicate on the removal efficiency of copper was investigated. The respective efficiencies for 0, 5, 10, and 15 mg/L of silicate are 97.8, 65, 60.2, and 53%. Removal of copper decreased with increasing silicate concentrations from 0 to 15 mg/L because of the preferential adsorption of copper. In addition to preferential adsorption, silicate can interact with iron hydroxide to form soluble and highly dispersed colloids that are not removed by normal filtration.
Fluoride. Results of this study show that the efficiency decreased by 97.8, 88.1, 71.5, 52, and 26.7% by increasing the concentration of fluoride from 0, 0.2, 0.5, 2, and 5 mg/L, respectively. This is attributable to the preferential adsorption of fluoride over copper as the concentration of fluoride increases. As such, when fluoride ions are present in the water to be treated, fluoride ions compete greatly with copper ions for the binding sites.
Adsorption Kinetics. The dynamics of the adsorption process in terms of the order and the rate constant can be evaluated using kinetic adsorption data. The process of copper removal from an aqueous phase by any adsorbent can be explained by using kinetic models. First-and Second-Order Rate Equation.
The variation of the adsorbed copper with time was kinetically characterized using the first-and second-order rate equation proposed by Lagergren. The first-order Lagergren model is as follows (Ho et al., 1998; Wan Ngah et al., 2008) :
Where q t 5 the amount of copper adsorbed on the adsorbent at time t (min) and k 1 (1/min) 5 the rate constant of first-order adsorption.
The integrated form of the aforementioned equation with the boundary conditions t 5 0 to .0 (q 5 0 to .0) can be rearranged to obtain the following time-dependence function:
log q e {q t ð Þ~log q e ð Þ{k 1 t=2:303 ð5Þ
where q e is the amount of copper adsorbed at equilibrium. The q e and rate constant k 1 were calculated from the slope of the plots of log (q e 2q t ) vs time (t). The second-order kinetic model is expressed as (Benaissa and Elouchd, 2007; Wu et al., 2005) 
Where q e and q t 5 the amount of copper adsorbed on Fe(OH) 2 (mg/g) at equilibrium and at time t (min), respectively, and k 2 5 the rate constant for the second-order kinetic model.
The equilibrium adsorption capacity, q e (cal) and k 2 , were determined from the slope and intercept of plot of t/q t vs t (see Figure 3) . The plots were found to be linear with good correlation coefficients (0.9997, 0.9998, 0.9998, 0.9842, and 0.9999 for 2, 4, 6, 8, and 10 mg/L initial copper concentration, respectively) and the theoretical q e (cal) values agree well with the experimental q e (exp) values at all concentrations studied. This implies that the second-order model is in good agreement with experimental data and can be used to favorably explain the copper adsorption on Fe(OH) 2 .
Elovich Model and Intraparticle Diffusion. The simplified form of the Elovich model is (Oke et al., 2008) If copper adsorption fits the Elovich model, a plot of q t vs log e (t) should yield a linear relationship with the slope of (1/b) and an intercept of 1/b log e (a b). Table 2 shows the results obtained from the Elovich equation. The lower regression value shows the inapplicability of this model.
Intraparticle diffusion is expressed as (Allen et al., 1989; Weber and Morris, 1963 )
A linearized form of eq 9 is followed by log R~log k id za log t ð Þ ð10Þ
in which ''a'' depicts the adsorption mechanism and k id may be taken as the rate factor (percent of copper adsorbed per unit time). Lower and higher values of k id illustrate an enhancement in the rate of adsorption and better adsorption with improved bonding. Table 1 and Table 2 depict the computed results obtained from first-order, second-order, Elovich, and intraparticle diffusion models. The correlation coefficient values decrease from second-order to first-order and from intraparticle diffusion to Elovich models. This indicates that the adsorption follows second order more than the other models. Furthermore, the calculated q e values agree well with the experimental q e values for the second-order kinetics model, concluding that the secondorder kinetics equation is the best fitting kinetic model. Adsorption Isotherm. The adsorption capacity of the adsorbent has been tested using Freundlich, Langmuir, and Dubinin-Redushkevich isotherms. These models have been widely used to describe the behavior of adsorbent-adsorbate couples. To determine the isotherms, the initial pH was kept at 7 and the concentration of copper used was in the range of 2 to 10 mg/L.
Freundlich Isotherm. The Freundlich isotherm is an empirical model relating to the adsorption intensity of the sorbent toward adsorbent. The isotherm is adopted to describe reversible adsorption and is not restricted to monolayer formation. The mathematical expression of the Freundlich model can be written as (Larous et al., 2005; Lee et al., 2004; Prasanna Kumar et al., 2005) q e~K C e n ð11Þ According to the Freundlich isotherm model, initially amount of adsorbed compounds increases rapidly; this increase slows down with increasing surface coverage. Equation 11 can be linearized in logarithmic form and the Freundlich constants can be determined as follows: log q e~l og k f zn log C e ð12Þ
Where k f 5 the Freundlich constant related to adsorption capacity, n 5 the energy or intensity of adsorption, and C e 5 the equilibrium concentration of copper (mg/L).
In testing the isotherm, the copper concentration used was 2 to 10 mg/L and, at an initial concentration of pH 7, the adsorption data are plotted as logq e vs logC e and should result in a straight line with slope ''n'' and intercept K f . The intercept and the slope are indicators of adsorption capacity and adsorption intensity, respectively. The value of ''n'' in the range of 1 to 10 indicates favorable sorption. The Freundlich constants k f and ''n'' values are 0.9545 (mg/g) and 1.665 (L/mg), respectively. The results show that the Freundlich plots fit satisfactorily with the experimental data obtained in the present study.
Langmuir Isotherm. The linearized form of the Langmuir adsorption isotherm model is (Bouzid et al., 2008; Sarioglu et al., 2005) C e =q e~1 =q m bzC e =q m ð13Þ
Where q e 5 amount adsorbed at equilibrium concentration, C e ; q m 5 the Langmuir constant representing maximum monolayer adsorption capacity; and b 5 the Langmuir constant related to the energy of adsorption.
The plots of 1/q e as a function of 1/C e for the adsorption of copper on Fe(OH) 2 are shown in Figure 4 . The plots were found to be linear with good correlation coefficients (.0.99), indicating Figure 5-Plot of log k 2 and 1/T at pH 7.0 and a current density of 0.02A/dm 2 at various temperatures.
the applicability of the Langmuir model in the present study. The values of monolayer capacity (q m ) were found to be 219.36 mg/g and the Langmuir constant (b) was found to be 0.498 L/mg. The values of q m calculated by the Langmuir isotherm were all close to the experimental values at given experimental conditions. These facts suggest that copper is adsorbed in the form of monolayer coverage on the surface of the adsorbent. The essential characteristics of the Langmuir isotherm can be expressed as the dimensionless constant R L , as follows:
Where R L 5 the equilibrium constant, which indicates the type of adsorption; b 5 the Langmuir constant, and C o 5 various concentrations of copper solution.
The R L values between 0 and 1 indicate favorable adsorption (Bouzid et al., 2008; Sarioglu et al., 2005) . The R L values were found to be between 0 and 1 for all the concentrations of copper studied.
Dubinin-Radushkevich Isotherm. Dubinin and Radushkevich proposed another isotherm that can be used to analyze equilibrium data. It is not based on the assumption of homogeneous surface or constant adsorption potential, but is applied to estimate the mean free energy of adsorption (E). This model is represented by (Tan et al., 2007) q e~qs exp {Be
Where e 5 RT ln [1+1/C e ], B 5 the free energy of sorption per mole of the adsorbate as it migrates to the surface of the electrocoagulant from infinite distance in the solution, and q s 5 the Dubinin-Radushkevich (D-R) isotherm constant related to the degree of adsorbate adsorption by the adsorbent surface.
The linearized form of eq 15 is as follows:
ln q e~l n q s {2B RT ln 1z1=C e ½ ð 16Þ
The isotherm constants of q s and B are obtained from the intercept and slope of the plot of lnq e vs e 2 , respectively (Demiral et al., 2008) . The constant, B, gives the mean free energy, E, of adsorption per molecule of the adsorbate when it is transferred to the surface of the solid from infinity in the solution. The relationship is given as
The magnitude of E is useful for estimating the type of adsorption process. It was found to be 11.25 kJ/mol, which is bigger than the energy range of the adsorption reaction, 8 to 16 kJ/mol (Oguz, 2005) . As such, the type of adsorption of copper on iron hydroxide was defined as chemical adsorption.
The correlation coefficient values of different isotherm models are listed in Table 3 . The Langmuir isotherm model has a higher regression coefficient (R 2 5 0.999) compared to the other models. The value of R L for the Langmuir isotherm was calculated from 0 to 1, indicating the favorable adsorption of copper.
Effect of Temperature. The amount of copper adsorbed on the adsorbent increases by increasing the temperature, indicating that the process is endothermic. The diffusion coefficient, D, for intraparticle transport of copper species into the adsorbent particles was calculated at a different temperature by
Where t 1/2 5 the time of half adsorption (s), r o 5 the radius of the adsorbent particle (cm), and D 5 the diffusion coefficient in cm 2 /s.
For all chemisorption systems, the diffusivity coefficient should be 10 25 to 10 213 cm 2 /s (Yang and Al-Duri, 2001 ). In the present study, D is found to be in the range of 10 210 cm 2 /s. The pore diffusion coefficient (D) values for various temperatures and different initial concentrations of copper are presented in Table 4 .
To determine the energy of activation for adsorption of copper, the second-order rate constant is expressed in Arrhenius form (Golder et al., 2006) as follows: Vasudevan et al.
R 5 the gas constant (8.314 J/mol/K), and T 5 the temperature in K. Figure 5 shows that the rate constants vary with temperature according to eq 19. The activation energy (0.545 kJ/mol) is calculated from the slope of the fitted equation. The free energy change is obtained using the following relationship:
Where DG 5 the free energy (kJ/mol), K c 5 the equilibrium constant, R 5 the gas constant, and T 5 the temperature in K.
The Kc and DG values are presented in Table 5 . The Kc values were calculated from activation energy. Table 5 shows that the negative value of DG indicates the spontaneous nature of adsorption. Other thermodynamic parameters such as entropy change (DS) and enthalpy change (DH) were determined using the van't Hoff equation as follows:
The enthalpy change (DH 5 20.331 kJ/mol) and entropy change (DS 5 2.995 kJ/mol) were obtained from the slope and intercept of the van't Hoff linear plots of lnKc vs 1/T (see Figure 6) . A positive value of enthalpy change (DH) indicates that the adsorption process is endothermic in nature, and the negative value of change in internal energy (DG) shows the spontaneous adsorption of copper on the adsorbent. Positive values of entropy change show the increased randomness of the solution interface during the adsorption of copper on the adsorbent (see Table 5 ). Enhancement of the adsorption capacity of electrocoagulant (iron hydroxide) at higher temperatures may be attributed to the enlargement of pore size and/or activation of the adsorbent surface. Using the Lagergren rate equation, firstorder rate constants and correlation coefficients were calculated for different temperatures (305 to 343 K). The calculated ''q e '' values obtained from second-order kinetics agree with the experimental ''q e '' values better than the first-order kinetics model. Table 6 depicts the computed results obtained of secondorder kinetics models. These results indicate that the adsorption follows the second-order kinetic model at different temperatures used in this study. Process Scale-Up Studies. The results showed that the maximum removal efficiency of 97.8% was achieved at a current density of 0.02 A/dm 2 and a pH of 7 using mild steel as anode and stainless steel cathode. The results were consistent with laboratory-scale results, showing that the process was technologically feasible.
Sludge Characterization
Scanning Electron Microscope and Energy-Dispersive XRay Spectroscopy Studies. Figure 7 shows the SEM image of the mild steel anode after several cycles of use in electrocoagulation experiments in copper electrolyte. The electrode surface is found to be rough, with a number of dents. These dents are formed around the nucleus of the active sites where the electrode dissolution results in the production of iron hydroxides. The formation of a large number of dents may be attributed to the anode material consumption at active sites because of the generation of oxygen at its surface of electrode.
Energy-dispersive analysis of X-rays was used to analyze the elemental constituents of copper-adsorbed iron hydroxide shown in Figure 8 . It shows that the presence of Cu, Mg, and O appears in the spectrum. Energy-dispersive X-ray spectroscopy analysis provides direct evidence that copper is adsorbed on iron hydroxide.
Fourier Transform Infrared Studies. Figure 9 presents the FTIR spectrum of copper-iron hydroxide. A broad adsorption band at 3452.84 cm 21 implies the transformation from free protons into a proton-conductive state in brucite. The 1628.43-cm 21 peak indicates the bent vibration of H-O-H. Absorbance at 1387.88 cm
21
, which could be assigned to the binding of copper to the carboxyl group and the band at 629.93 cm
, corresponds to the Fe-O stretching vibration.
Conclusions
The results showed that the optimized removal efficiency of 97.8% was achieved at a current density of 0.02A/dm 2 and a pH of 7.0 using mild steel and stainless steel as anode and cathode. The iron hydroxide generated in the cell removes the copper present in the water and reduces the copper concentration to less than 1 mg/L, making it suitable for drinking. The results show that the process was technologically feasible. The Langmuir adsorption isotherm was found to fit the equilibrium data for copper adsorption. The adsorption process follows second-order kinetics. Temperature studies showed that adsorption was endothermic and spontaneous in nature. 
